Sol-gel nanocasting is used to imprint the soft-matter structures of lyotropic phases of nonionic n-alkylpoly(ethylene oxide) amphiphiles ("C x E y ") into solid porous silica. Small angle X-ray scattering (SAXS), nitrogen sorption, and transmission electron microscopy (TEM) are used to investigate the dependence of the porosity on the block lengths or the block volumes, respectively. It is found that the size of the mesopores is a function of the lengths/volumes of both the alkyl chain (N A ) and the PEO block (N B ). Moreover, the materials contain a substantial degree of additional microporosity. A quantitative model is developed that relates the amphiphile organization during the nanocasting to the size of the mesopores and the microporosity. In particular, it turns out that depending on the number of EO units a fraction of the PEO chains contributes to the mesoporosity, while a significant portion leads to additional micropores. This model provides a quantitative description of the distribution of the hydrophobic and hydrophilic blocks within the lyotropic phase itself. Our findings indicate that the interface areas b 2 of single surfactant chains are a function of the block lengths, which can be described by a scaling law b 2 ∝ N A 0 16 N B 0 4 . Mixtures of chemically equivalent amphiphiles with different block ratios are studied in further detail. It is seen that every pore size between the size originating from the "parent" templates can be adjusted simply by mixing various amounts of two surfactants, proving that true mixed phases act as a template for the silica pores.
Introduction
The work of Beck, Vartuli, Kresge et al. in 1992 about the preparation of the first ordered mesoporous silica materials 1, 2 by templating of surfactant aggregates created an unparalleled research development toward novel porous oxidic materials. Applications of mesoporous oxides are found in the fields of catalysis, chemical sensing, and separation or as "nanoreactors". [3] [4] [5] [6] [7] [8] [9] In the case of the MCM-41-like materials, the hydrolysis of a silica precursor in low-concentrated surfactant solutions leads to a precipitation of hexagonal (MCM-41) or cubic (MCM-48) porous silicas as micron-sized powders. Mechanistic studies on the formation of these systems have provided a quite detailed mechanistic knowledge. [10] [11] [12] [13] Either the silica is formed in the water-containing domains of a preformed liquid crystal or the silica precursor itself, via a cooperative interaction with the surfactant, forms an ordered phase which then is solidified.
The second way of templating starts with concentrated aqueous dispersions of amphiphiles (in most cases nonionic surfactants and block copolymers). This approach was introduced and extended by Göltner et al. [14] [15] [16] [17] [18] [19] She termed the whole procedure "nanocasting", because a liquid-crystalline phase formed by the amphiphilic block copolymers in water is fixed (usually under preservation of the phase structure) by the solgel formation of silica in the hydrophilic domains, thus resulting in a solid 1:1 replica. Recently, also Stucky, Melosh, Chmelka et al. applied the nanocasting concept to prepare hexagonal mesoporous silica with Pluronics (PEO-PPO-PEO block copolymers) as templates. 20, 21 As major advantages, the nanocasting provides the predictability of the structure and offers the possibility to prepare macroscopic porous objects (monoliths). However, the mechanism of the nanocasting was not investigated as extensively as the MCM synthesis, although this method is used more and more often.
In many cases, the block copolymers used for the nanocasting contain poly(ethylene oxide) as the hydrophilic block. It was recently shown that the PEO block leads to an (generally undesired) additional microporosity (pore size below 2 nm according to IUPAC), 22, 23 because a certain fraction of the PEO chains is tightly embedded inside the silica walls as a consequence of the "molecular" templating of single PEO chains. 21, [24] [25] [26] [27] Hence, the removal of the block copolymer by calcination or suitable extraction procedures leads to a material with mesopores as well as micropores, the size of the latter is determined by the diameter of single PEO chains. In this picture, the hybrid material would consist of the hydrophobic core and the silica phase containing the PEO chains (thus termed the "two-phase model"). In conclusion, it turned out that the additional microporosity might be a general feature of porous inorganics obtained from PEO-containing block copolymers used as a template. This interpretation is supported by recent NMR studies of de Paul et al. on the mobility of PEO chains of the amphiphilic block copolymer poly(isoprene-b-ethylene oxide) embedded in an inorganic matrix that was obtained via a solgel process. 28 As a result, it was shown that the inorganic phase and PEO are intimately mixed on a molecular level. However, concerning the distribution of PEO within the organic-inorganic hybrid material, a different model has already been developed. 29 A part of the PEO chains may form a separate "phase" between the hydrophobic block and the silica phase, which was therefore termed the "three-phase model". Within the scope of this model, it was assumed that this PEO phase contributes to the mesoporosity. The current paper is aimed at a more quantitative understanding of both the formation of microporosity and the factors determining the pore sizes in the formation of mesoporous silica materials by the nanocasting procedure. As porogens, we used the well-known nonionic n-alkyl-poly(ethylene oxide) surfactants ("C x E y "-types), as previously employed by Pinnavaia et al. [30] [31] [32] [33] [34] and Attard and Göltner 14 to produce porous silica materials. In particular, the influence of the alkyl and PEO chain lengths on the micro-and mesoporosity is subject to closer investigation by means of transmission electron microscopy (TEM), nitrogen sorption, and small-angle X-ray scattering (SAXS). The systematic variation of the relative chain lengths of both blocks allowed us to study the structure of the mesoporous silica with dependence on surfactant characteristics. A semiquantitative model is developed to relate the mesopore sizes and the degree of microporosity to the ratio between the lengths of the alkyl chain and the PEO block.
A further important aspect of templating strategies is the control of the mesopore size by suitable methods. Attempts to influence the size of the silica mesopores have been so far focused on swelling the lyotropic liquid crystals with certain additives 35, 36 or the use of block copolymers with variable size. Instead, we present a different strategy by which the mesopore size can be controlled by mixing block copolymers or surfactants of different chain lengths.
Materials and Methods

Materials.
The SE-type block copolymers were obtained from Goldschmidt. All other precursors were obtained from Aldrich and have been used without further purification. The porous silica materials were prepared as follows: A 1 g sample of the block copolymer (or a 1:1 mixture) is dissolved in 1 g of aqueous hydrochloric acid (pH ) 2) under slight heating. Then 2 g of TEOS is added. Homogenization occurs in some minutes. The evolving ethanol is removed in a vacuum. The resulting viscous solutions or gels were aged at 60°C in a drying oven for 3 days. The organic template is removed via calcination in air at 550°C for 5 h.
2.2. Measurements. Transmission electron microscopy (TEM) images were acquired on a Zeiss EM 912Ω at an acceleration voltage of 120 kV. Samples were ground in a ball mill and taken up in acetone. One droplet of the suspension was applied to a 400 mesh carbon-coated copper grid and left to dry in air. Nitrogen sorption data were obtained with a Micromeritics Tristar instrument. Small-angle X-ray scattering (SAXS) curves were recorded by means of a Kratky camera and also a rotating anode with pinhole collimation. A Nonius rotating anode device (P ) 4 kW, Cu KR) and an image-plate detector system were used. With the image plates placed at a distance of 40 cm from the sample, a scattering vector range from s ) 0.05-1.6 nm -1 (s ) 2/λ sin θ) was available. The samples were irradiated for 18 h to reduce the noise level and to obtain a sufficiently high scattering intensity. The 2D isotropic diffraction patterns were transformed into a 1D radial average of the scattering intensity.
Evaluation of SAXS Data.
Small-angle scattering has turned out to be a powerful technique to investigate the structure two-phase systems (i.e., nanostructure materials that can be supposed to be composed of two domains of constant electron density (SAXS) or scattering length density (SANS)). A suitable approach to characterize porous materials is based on the evaluation of the so-called "chord-length distribution" (CLD) g(r), which was previously introduced by Méring and Tchoubar and which can be calculated from small-angle scattering data. [37] [38] [39] The CLD represents a quantitative statistical description for the distances connecting phase boundaries in a two-phase system with sharp phase boundaries. The determination of the CLD is highly desirable, as it provides useful information, such as the average pore size, prevalent length scales, and the specific surface area. In particular, if the pore structure cannot be attributed to a well-defined macrolattice, the determination of chord-length distributions is an appropriate analytical way for the characterization especially of disordered and weakly ordered materials. The specific surface area per volume S/V is directly related to the average chord length ("Porod length") l p . [40] [41] [42] where φ is the volume fraction of one of the two phases. l p is the first moment of the CLD and is related to the average chord lengths l i of the two constituent phases by If the experimental SAXS setup covers a sufficiently large range of the scattering vector s, the chord-length distribution provides a complete characterization of the pore structure (in real space) including structural units of substantially different sizes. The latter is a precondition to determine both micropores and mesopores in one single sample of porous silica. Figure 1 shows a typical SAXS pattern of C x E y silicas, recorded by means of a rotating anode device. The I(s) curve clearly shows a marked interference peak at s ≈ 0.2 nm -1 and a second shoulder at s ≈ 0.4 nm -1 , which correspond to the packing of the wormlike pores into a certain distorted 3D 
alignment. Since the low number of interference peaks does not allow a fitting of the SAXS curve in terms of a certain pore morphology and a well-defined macrolattice (hexagonal, cubic, etc.), the concept of the CLD turned out to be the most appropriate method to evaluate the SAXS data quantitatively, in particular with respect to the presence of micropores. Figure 2 shows the chord-length distribution g(r) of the C 18 E 20 silica, the CLDs of the other C x E y silicas are similar. The evaluation of these CLDs provides a suitable description of the pore structure and reveals interesting features. All of the CLDs show a pronounced contribution at small length scales below approximately 1 nm. According to Ciccariello et al., a value of g(0) > 0 is indicative of angular structures (edges, vertexes). [43] [44] [45] The behavior of the CLD at larger r is related to the size and shape of the mesopores and their spatial distribution. Since the mesopore sizes were determined by nitrogen sorption, the evaluation of the CLD was primarily used to investigate the microporous character of these silicas.
In principle, it is not possible to determine pore size distributions and the wall thickness directly from the CLD without further assumptions, as the CLD is a complex superposition of the distributions of chords within both phases and chords penetrating the phases. However, taking into account the analysis of TEM images and sorption data, the behavior of the CLD at small length scales r has to be attributed to a large abundance of micropores. Moreover, recent experiments on porous silicas obtained from nanocasting of poly(styrene)-poly(ethylene oxide) provided a direct support of this interpretation using a combination of SANS and nitrogen sorption. 46 Apart from this qualitative evidence of micropores, the CLDs also allow us to estimate the microporosity in terms of the specific surface area and the pore size. Assuming that the position of micropores and mesopores are uncorrelated (i.e., the micropores are randomly distributed in the silica matrix), the chord-length distribution of the micropores can be separated from the rest of the CLD, thus providing an average chord length l micropore of the micropores. This procedure then allows us to evaluate an average size of the micropores and also to estimate their contribution to the overall specific surface area. It can be shown that if the mesopores and microppores are sufficiently different in size and if the micropores and mesopores are not spatially correlated. φ is taken from the N 2 sorption measurements under the assumption of cylindrical micropores. By this method one finally obtains the surface area of the micropores as well as an estimation of the micropore size by relating l micropore to certain geometries such as cylinders, spheres, etc. Assuming a cylindrical morphology, the micropore diameter turned out to be about 0.7 nm. For sufficiently long cylinders the surface area, the Chord-length distribution of the C18E20 silica as a representative example of the CxEy silicas. The large contribution at small length scales below 1 nm has to be interpretated as a consequence of the presence of a large degree of microporosity.
volume and the diameter are related to each other by D micropore ) 4V micropore /S micropore . The data for the various C x E y silicas are given in Table 2 .
Mechanistic Study
Investigation of the Porosity.
For a systematic study of the nanocasting in detail, i.e., the relation between the micelle and pore architecture, a large variety of chemically equivalent block copolymers with different block lengths have to be used. Moreover, it has to be assured that their lyotropic phases (and, hence, the corresponding pore structure) are independent of the block lengths. This can be realized by an appropriate choice of a set of n-alkyl-oligo(ethylene oxide) (C x E y ) surfactants. The lyotropic phase behavior of this type of surfactants is wellknown for a large number of C x E y compounds. 47 With concentrations of 50 wt %, all of the C x E y lyotropic phases show a hexagonal morphology according to previous studies. The silicas obtained by nanocasting of C x E y surfactants possess less ordered mesopores in a distorted hexagonal morphology according to TEM (Figure 3 ) and SAXS and as also reported in the literature. 31, 33, 34 In all cases "worm-type" pore morphologies have been obtained, and the order of the structures was not affected by different block lengths of the surfactants in the chosen range, as revealed by SAXS and TEM. The question arises, what are the reasons for the less ordered pores in the silica? Polydispersity of the amphiphiles can be eliminated as one alternative due to two reasons. Besides the commercially available Brij surfactants (which had relatively low polydispersities according to GPC analysis between 1.05 and 1.1), we also used several pure oligoglycol n-alkyl amphiphiles (C 12 E 4 , C 8 E 4 , C 16 E 8 , C 12 E 4 ) where no polydispersity is present. In all cases the "worm-type" morphology was observed. We explain the lower order of the pore systems by a distortion of the cylindrical phase by the occurrence of ethanol during the nanocasting procedure and by the succeeding increase of viscosity of the solvent due to the proceeding sol-gel process that fixes the thermal movement of the lyotropic phase.
In the following the porosity is quantitatively described by the evaluation of small-angle X-ray scattering (SAXS) data, TEM, and sorption measurements. In particular, the microporosity was investigated by suitable and reliable evaluation methods for SAXS data, as the determination of micropores by nitrogen sorption may involve uncertainties. Because a quantitative TEM investigation of the mesopore sizes requires a statistical evaluation of the images, TEM measurements were only performed on a few samples. It was seen that the pore size does not differ significantly from the values derived by SAXS or sorption analysis.
Sorption isotherms of the most different samples (with respect to the block lengths), the C 8 E 4 -and the C 18 E 20 -derived silica materials, and the corresponding pore-size distributions obtained from DFT theory [48] [49] [50] are shown in Figure 4 . 51, 52 The isotherm of C 18 E 20 silica shows an explicit mesopore sorption behavior and is characterized by a small hysteresis pattern typical of small mesopores of 2-3 nm. Moreover, the large surface area itself is indicative of the presence of additional micropores. In contrast, the isotherm of C 8 E 4 silica does not show a hysteresis loop and is characteristic of a porous material with a large degree of microporosity and also pores of about 2 nm. 22, 23, 53 Accordingly, a DFT analysis reveals that the average size of the (meso)pores of C 18 E 20 is significantly larger than those of C 8 E 4 , which is in qualitative agreement with the assumption that the length of the hydrophobic block influences the mesopore size. To investigate the influence of the block lengths of the alkyl and PEO chains in a systematic way, all of the silicas obtained from C x E y surfactants available to us and also silicas obtained from 1:1 mixtures of C x E y surfactants were subject to a quantitative sorption analysis with regard to the mesopore sizes using different evaluation methods (DFT, BJH, Harkins-Jura). The data are summarized in Table 1 . It is seen that a reasonable agreement is obtained between the different evaluation methods, thus providing a reliable method for the determination of mesopore sizes by sorption techniques. It has to be mentioned that the data show a systematic difference in the mesopore sizes determined by a DFT approach and the classical methods (BJH, Harkins-Jura) for one sample. However, up to now the development of methods to determine absolute values for mesopore sizes is still a matter of intensive research and beyond the scope of this study. Moreover, the data quality is sufficient to observe clear tendencies with respect to the mesopore sizes of different samples relative to each other. Since this study predominantly addresses only the relative changes in mesopore sizes as a function of the block lengths, the interpretation of the changes in absolute mesopore size is not intended. We have decided to take the DFT derived values for mesopore sizes for the further discussion, as the DFT approach has fundamental advantages compared to the classical evaluation methods. In a classical picture water induces a microphase separation during sol-gel synthesis where the hydrophobic blocks are aggregated and build up a separate organic phase and the hydrophilic parts are dispersed in the aqueous medium and stabilizes the interface ("two-phase system"). In the resulting porous material only the volume of the hydrophobic phase determines the mesopore size. In this model, therefore, the mesopore diameters should depend on the length (or volume which is a function of the length) of the hydrophobic block. The experimental dependence of the pore diameter on the tail length is shown in Figure 5 .
Obviously, the sorption data reveal a pronounced dependence of the mesopore sizes on the block lengths of the corresponding C x E y surfactants. Indeed, the mesopore size increases with increasing tail length. For the C 8 -derived silica material (C 8 E 4 ) a pore size of 2.2 nm was obtained. The pore size increases successively and reaches the largest value in this series for C 18 (C 18 E 20 ) with 3.7 nm. In addition, these results indicate that a considerable part of the mesopore size is also due to the PEO corona, as the mesopore size also increases with the length of the PEO chain for constant alkyl chain length (e.g., see homologous series with C 12 and C 16 ). The diameter of the mesopores is in conformity with the molecular dimensions of the chain lengths, as determined by molecular modeling calculations.
Our data therefore question the validity of the "two-phase model" which is incompatible with the observation that the mesopore size considerably depends on the hydrophilic block. However, in a recent work it was already figured out that just a part of the PEO chains are located in the silica walls leading to additional microporosity. 29 In this picture, the PEO chains that are not situated in the silica wall will, instead, contribute to the mesopore volume ("three phase model"). Obviously, a deeper knowledge of the distribution of PEO is essential to get more insights into the nanocasting mechanism and to learn about amphiphilic organization during the nanocasting. Because of this unclear relative distribution of PEO, additional experimental evidence is required for the quantitative description of mesopore formation in nanocasting procedures.
The dependence of the mesopore sizes upon N A (=number of -CH 2 -units in the hydrophobic block) and N B (=number of EO units in the hydrophilic block) is of particular interest ( Figure  6 , with k A/B as constants. The data show that the influence of the hydrophobic block on the mesopore size is higher as for the PEO block. This relation already allows the prediction of pore sizes when the block length is varied; that is, new porous systems can be tailormade in a controlled fashion, which is important for material science when high precision pore control or pore design is required.
However, to gain an understanding about the nanocasting and amphiphile organization the empirically found dependencies have to be explained by a physically reasonable model. The derivation of this model, which is a quantitative description of the three phase situation, is given in the following section.
Physical Approach toward the Three-Phase Model.
To derive a model that relates the aggregation of the C x E y surfactants to the porosity, we follow the work of Antonietti and Förster on the micellization of different types of amphiphiles. 54, 55 In particular, the radius of micelles was related to the block lengths of nonionic surfactants in these studies. On the basis of the conservation of the overall volume of the surfactant and the interface that is stabilized, an expression was obtained for the aggregation number Z of the micelles, which is directly related to the micelle radius (and to a hypothetical corresponding pore radius).
Although this model also predicts the micelle (mesopore) size to be dependent on the hydrophilic block N B , a comparison with the previously mentioned empirical relationship between D c and N A , N B obtained for the C x E y surfactants clearly shows that a modified approach other than the rules describing micelle formation is needed to explain the behavior under nanocasting conditions.
In particular, the approach of Förster et al. and Antonietti et al. is not applicable to describe the nanocasting mechanism due to the fact that the PEO chains probably do not form a homogeneous corona surrounding the hydrophobic core during the templating step. Instead, a certain fraction of the PEO chains is molecularly embedded in the silica matrix (phase III), while the rest of PEO (phase II) is situated between the hydrophobic core (phase I) and the silica.
A model of the three-phase situation is given in Figure 7 , where a slice from a cylindrical object is assumed to describe the lyotropic phase.
Moreover, it is to be expected that a dense or highly concentrated system behaves differently than the dilute micellar solutions used in the studies of Förster et al. This is especially true for the fact that solvation or entropic forces is less important for dense systems, whereas packing consideration gains more importance. Therefore, it has to be expected that the inner block gains more importance on the aggregation behavior.
Taking into account the geometry of a cylinder (which we assume to approximate the wormlike structure best), the interface area A int and the overall volume V are given by b 2 is the area occupied by one surfactant molecule at the interface between the hydrophobic core and the aqueous medium, a 3 denotes the volume of the alkyl unit in the hydrophobic chain (in conformity with the nomenclature of Bates), 56 and V b denotes the volume of a single molecule of the amphiphile.
Equation 5 describes the conservation of the total volume in the three-phase system. The term labeled I is related to the volume contributed by the hydrophobic chains. The additional parameter Q describes possible swelling of the PEO chains with H 2 O. As an approximation it is assumed that Q is constant in 
both phases II and III although in reality their might be a Q II and a Q III that differ. The hydrophilic PEO chains are separated between two phases, one contributing to the mesopore core (phase II) and the second located in the silica wall and creating microporosity (phase III) as described by the parameter C. The mesopore size D c is determined by phases I and II. From eq 4 we obtain
By insertion of (6) into (5) it follows Equation 7 relates the mesopore size to the volume of the single blocks. Because of the fact that a lyotropic phase represents a dense system (in our case the concentration of amphiphile was 50 wt % in water), we have to drop the assumption 54 that the interface area per surfactant b 2 does not depend on N A but is set as a scaling law:
b 0 2 is just a unit-surface area to obey dimensional requirements. By insertion of (5) in (4) 
it follows
After some rearrangements one ends up with Indices I-III refer to the contributions of the hydrophobic and hydrophilic parts to the mesopore radius. Hence, the "threephase model" can be described reasonably, providing a basic relationship between the diameter of the mesopore and the block lengths of the surfactants used as the template. The theoretical approach indicates that the distribution of the PEO chains has a significant influence on the size of the mesopores. It is therefore necessary to evaluate the quantity C, the number of PEO chains embedded in the silica matrix (phase III), which can be done by a determination of the microporosity resulting from these PEO chains. As a consequence, in the following we focus on the determination of the microporosity (comprised in the parameter C in eq 10), from which a semiquantitative description of the "three-phase model" can be derived. By insertion of this experimental result, eq 10 will be directly related to the mesopore sizes.
We applied the SAXS technique to determine the microporosity and checked the measurement by N 2 sorption ultralowpressure analysis. The results are given in Table 2 .
The data indicate that the silicas indeed contain a substantial degree of microporosity (even up to 80% of the total specific surface area can be caused by the micropores). This porosity has to be attributed to phase III. Since the size of the micropores is below 1 nm, the corresponding micropore volume is significantly lower than the mesopore volume. The observed microporosity is created exclusively by the PEO chains due to the observation that a silica material that was also prepared at pH ) 2 but when no template was present is practically nonporous. These results are in reasonable agreement with the findings of Göltner et al. and provide a further indication of the microporous character of silicas obtained from the templating of lyotropic phases of PEO containing block copolymers. 29 Second, the experimental data in Table 2 also show certain trends concerning the degree of microporosity as a function of the relative block lengths. For instance, the contribution of micropores to the overall specific surface area is substantially lower for the C 12 E 30 silica compared to the C 8 E 4 silica despite the larger PEO block. This is consistent with the assumption that a significant fraction of the EO units in C 12 E 30 contributes to mesoporosity and not to microporosity according to the "three-phase model".
To relate the micropore volume to a real number of EO units located in the silica wall (phase III), we also templated (using the nanocasting under identical conditions) pure PEO as a reference and determined the micropore volume via the combination of nitrogen sorption and SAXS. The raw data can also be obtained from the study of Göltner et al. 29 The micropore volume created by one EO unit in the nanocasting procedure was found to be approximately ≈2 × 10 -23 cm 3 . With this value and the micropore volumes in Table 2 , the data in Table 3 are obtained.
The data show a significant trend with regard to the amount of PEO being embedded in the silica matrix and, thus, leading to microporosity. For instance, in the case of C 8 E 4 a considerably higher portion of PEO chains is situated in the silica wall than for C 12 E 30 . However, this is not true for the absolute number Figure 8 . Ratio of amount of EO units located in the micropore volume (phase III) divided by the total amount of EO units per amphiphile molecule plotted against the ratio of the hydrophobic block divided by the hydrophilic block (NA/NB). In the region where NA/NB is small a three-phase situation is realized (only a small relative amount of PEO is located in phase III, while a large amount contributes to the mesopore volume). Only for high values of NA/NB is a two-phase situation realistic. of units embedded: The longer the PEO block, the more PEO is bound in the silica wall. With increasing length of the hydrophobic block, a larger interface has to be stabilized, and more PEO is transferred to phase III (see Figure 7) . In cases where the hydrophobic block is relatively large compared to the hydrophilic block, nearly all the PEO is located in the silica matrix, for example, in the case of the C 8 E 4 silica. A visualization of these tendencies is obtained by plotting the relative amount of PEO units located in phase III against the block ratio (hydrophobic/hydrophilic block) (Figure 8) . These experiments enable an estimation of the dependence of the parameter C upon N A and N B . Taking into account the limited number of data points, the data showed a linear relationship C ) (k A N A + k B N B ) . A fit of the experimental data (Table 3) Fitting the experimental data with eq 11 provides the parameters R ) 0.16 and ) 0.4 (with K I ) 0.5 nm, K II ) 0.9 nm). Due to the (restricted) description of the curve, the standard deviation of these parameters is of the order of up to 20%. However, the values obtained from the fit of eq 11 using the DFT data are physically reasonable and fully consistent with the underlying "three-phase model". For instance, the slightly higher value of K II compared to K I reflects the fact that the hydrated EO monomer unit occupies are larger volume than a CH 2 monomer group.
A variable interface area b 2 and values for R and are already known for two other systems. 56 One extreme case is the state of the surfactants in dilute solution and the other extreme is , which is a little less than the Förster case of a dilute micellar solution), whereas the hydrophilic chain form is in a swollen and only slightly stretched conformation (L ∝ N A 0 6 ), which goes well with the expectations of a concentrated lyotropic phase. This is schematically demonstrated in Figure  9 .
In a lyotropic phase as depicted by the nanocasting the situation is located between of the two mentioned, extreme cases. It should be mentioned that D c , the mesopore diameter, needs not directly correlate to 2L (see Figure 9 ) due to interdigitation of the cylinder volumes relative to each other.
As a final result, the dependence of the pore diameter D c on both chain lengths (Figures 6 and 7) is not only empirically described by the relation (eq 11), but is also based on a simple model describing the chain conformation of a single surfactant molecule in its assembly expressed via the scaling relation in eq 8.
Influence of Mixtures of Amphiphiles.
Since the mesopore size reflects the size and shape of the surfactant aggregate, it should also be possible to use silica nanocasting to study the mixing rules of micellar aggregation. Vice versa, the mixing of different surfactant homologues is then expected Figure 9 . Schematic representation of the scaling relations for the two extreme cases block copolymer melt and block copolymer micelle as well as the via nanocasting studied case of a lyotropic phase. The three-phase situation in the PEO block is also indicated.
to allow fine adjustment of the mesopore size in the ångstrom range by simple stoichiometry. This, however, is based on the assumption that homogeneous mixing occurs on the micellar scale and results in micelles with similar geometry or architecture (i.e., no new phase structures appear). This assumption was found to be fulfilled for practically all used C x E y 1:1 surfactant mixtures (see Table 1 ). Only in one case was an unexpectedly large mesopore size for the mixture found. The pore size of the silica obtained from mixtures of C x E y surfactants of different block lengths lies between the pore sizes of both pure surfactants for all cases (see Table 1 ). Figure 6 also contains the data obtained from various 1:1 mixtures. By using different amounts of surfactants every pore size between the "parent" materials can be adjusted. The size of the resulting silica pore is given by eq 11 or the surface in Figure 6 , where the values for N A and N B are derived as an average of the parent compounds. It is seen that the data are well described when the molar incidences of the different templates (in all cases 1:1 mixtures of masses were taken, which means that the molar amounts differ quite much) are taken into account. Still, the larger hydrophobic block in the mixture is more decisive for the mesopore size according to the empirically obtained N A 0 4 dependence of D c . Furthermore, it turned out that the derived structures are true equilibrium situations that are highly unattached by experimental conditions. Our experiments showed that the pore size can be adjusted nearly on an ångstrom scale. It has to be pointed out that even for mixtures of C 12 and C 16 significant and reproducible differences for pore sizes in the region of only about 0.1 nm have been observed.
To test the validity of our model, we extended our experiments to different block copolymer systems also leading to "worm-type" silica materials. Göltner et al. have used poly-(styrene)-poly(ethylene oxide) ("SE") block copolymers for the preparation of "worm-type" porous silica materials. 19 Two polymers with short poly(styrene) and poly(ethylene oxide) blocks ("SE1010", M w ) 1000 for both blocks, respectively) and longer blocks ("SE3030", M w ) 300 for both blocks, respectively) have been used. Unfortunately, the polydispersity of these SE-type polymers is quite large, and a sufficient variety of block copolymers was not accessible for establishing a similar set of experiments to derive the quantitative relationship between the mesopore sizes and the block lengths, as in the case of the C x E y -based silicas. However, the procedure to control the pore sizes by mixing of SE polymers turned out to be a suitable strategy also for SE templates. It was found that the pore size can be adjusted to every value between 5 nm (pure SE1010 silica) and 10.5 nm (pure SE3030 silica), which is illustrated in Figure 10 and Table 4 . Figure 10 contains SAXS patterns of SE-based silica that were obtained by mixing SE1010 and SE3030. First, the position of the main interference peak is continuously shifted between the positions of the two pure SE1010-derived material and SE3030-derived material. Second, the first minimum of the scattering curve, which can be related to the mesopore size, is successively shifted to smaller scattering vectors (compared to SE1010 silica) with an increasing content of SE3030. Moreover, the data indicate that the larger block copolymer has a stronger influence (higher statistical weight) on the mesopore sizes, as was also found for the C x E y silicas, however for a much smaller range of variations.
Conclusion
The study presented in this paper was aimed at a more detailed understanding of the nanocasting approach for creating mesoporous silica structures by templating lyotropic phases of nonionic block copolymer systems. By using the well-known "Brij" surfactants (C x E y ), the influence of the length of both the alkyl chain and the poly(ethylene oxide) chain on the porosity was investigated by a combination of nitrogen sorption and small-angle X-ray scattering (SAXS). Suitable evaluation methods of the SAXS data also allowed us to estimate the content of micropores arising from a molecular templating of the PEO chains. It was found that the size of the mesopores depends both on the length N A of the hydrophobic block and on the length N B of the hydrophilic block. An empirical dependence for the relationship between the mesopore size and the block lengths was found and could be reasonably explained by a simple geometrical model ("three-phase model") previously introduced by Göltner et al. 29 Our data indicated that the PEO contributes both to microporosity and also partially to the mesopore volume, the relation of which was quantified and shown to depend on the surfactant structure in a systematic fashion. With this knowledge, not only pore size but also the relative contributions of micro-and mesoporosity can be predicted and adjusted in a certain range independently from each other.
To connect the experimentally found empirical scaling relation between pore size and pore diameter with the "threephase model", a single relationship describing the conformation of the surfactant along the hydrophobic/hydrophilic interface was related to the mesopore diameters. We found for the interface area per molecule b 2 ) b 0 2 N A 0 16 N B 0 4 , which is between the behavior of block copolymers in the melt and in a dilute micellar system. Our findings are in good agreement with a slightly extended statistical chain conformation of the surfactant. From our results we also have to draw the conclusion that the mesopore size and its dependence on N B is not just caused by interface effects in a two-phase system but that a third phase (PEO between hydrophobic core and silica matrix) is real. Therefore, the question arises if the nanocasting just solidifies the lyotropic phase, which would mean that a lyotropic phase of a nonionic block copolymer also contains three phases. One phase is the hydrophobic domain. The hydrophilic domain is further microphase-separated into a dense phase including only minor amounts of solvent (during the sol-gel process the solvent equals water plus silicic acid), thus causing an enlargement of the mesopore volume, and a phase that is really dispersed in the solvent and thus causes the microporosity.
Moreover, our results suggest that the soft-matter structures solidified by the nanocasting are true equilibrium structures. Variations of the experimental procedure have no significant effect, as shown by a high reproducibility and mutual comparability of the data. It can be concluded that the silica nanocasting is also a suitable analysis technique to depict even small differences in soft-matter structures in solution with a resolution on an ångstrom scale.
It was also shown that mixtures of amphiphilic block copolymers lead to a true mixed lyotropic phase. The values of the aggregate or corresponding mesopore sizes turned out to be between the corresponding samples obtained from single block copolymers. The intermediate pore size is mainly determined by the block copolymer with the longer hydrophobic chain. Our experiments suggest that every pore size between the boundaries given by the "parent" compounds can be adjusted by a suitable ratio of templates.
Further work in this field will address the evolution of the microporosity and the mesopore sizes as a function of other factors such as the temperature or electrolyte concentration.
Concerning mixtures of block copolymers, it would be interesting to study mixtures of chemically different template systems to template also self-assembly structures at the borderline of demixing.
